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Experimental infection of inbred guinea pigs with
Treponema pallidum: development of lesions and
formation of antibodies

CHARLES S PAVIA AND CAROL J NIEDERBUHL
From the Trudeau Institute, Saranac Lake, New York, USA

SUMMARY Inbred strain 2 and strain 13 guinea pigs were infected intradermally in the hind legs
with different numbers of the virulent Nichols strain of Treponema pallidum. About 91% of the
animals developed clearly visible lesions after being injected with 5 x 10° to 10 x 10°
treponemes. T pallidum organisms could be isolated from skin lesions at various stages after
infection. Infected animals were monitored for the production of specific treponemal and non-
specific cardiolipin antibodies by the fluorescent treponemal antibody (FTA) and micro-
haemagglutination (MHA-TP) tests and the rapid plasma reagin (RPR) card test. Low levels of
specific antibodies could be detected by both FTA and MHA-TP tests from three to four weeks
after infection. Maximum titres of treponemal antibody generally occurred after week 6 and
persisted for several more months. These peak titres ranged from 1/40 to 1/80 in the FTA test and
1/160 to 1/320 in the MHA-TP test. During the same period infected guinea pigs, unlike rabbits

with syphilis, did not produce detectable quantities of antibodies against cardiolipin.

Introduction

Although much clinical and experimental inform-
ation on treponemal infection has accumulated and
been reviewed,!? it is still not clear what roles
humoral and cell mediated immunity have in infec-
tion with T pallidum. This is partly because pure T
pallidum organisms devoid of host tissues are not
readily cultivable in the quantities needed for detailed
biological and immunological studies. Another
important limiting factor has been the difficulty of
developing suitable inbred animal models necessary
to evaluate the immune mechanisms occurring during
syphilis. Although considerable success has been
achieved towards elucidating the nature of resistance
to syphilis using inbred hamsters infected with T
pallidum subsp endemicum (formerly T pallidum
Bosnia A), the causative agent of non-venereal
syphilis,> 4 these studies have not been confirmed
experimentally using strains of T pallidum that cause
venereal syphilis.

Because of their well defined immunogenetics and
inexpensive maintenance, mice would seem to be
ideal for studying pathogenic mechanisms and
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immune responses unique to syphilis. Except for one
unconfirmed report,’ however, infection of mice
with T pallidum is subclinical because clearly visible
darkfield positive lesions do not develop,5’ which
restricts their suitability for investigations with T
pallidum. In view of the paucity of relevant rodent
models, we decided to evaluate inbred strains 2 and
13 guinea pigs by examining their response to infec-
tion with syphilis. Studies by other workers have
already established that outbred guinea pigs are
capable of developing symptomatic infection after
exposure to T pallidum organisms and that certain
components of both humoral and cellular immunity
become expressed in these animals during experi-
mental disease.! %! The results reported here show
that intradermal infection with T pallidum of
animals belonging to these two inbred guinea pig
strains regularly produced primary lesions that were
comparable with those seen in similarly infected
rabbits. We also present evidence of the gradual
development of a specific humoral immune response
by guinea pigs infected with T pallidum.

Materials and methods
ANIMALS

Strain 2 guinea pigs were bred under barrier sustained
conditions at the animal breeding facility of this
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institute from animals originally obtained from the
division of research services, National Institutes of
Health, Bethesda, Maryland, United States. Strain
13 guinea pigs were purchased from ARI Breeding
Laboratories, East Bridgewater, Maine, United
States. Strain 2 (GPLA (guinea pig leucocyte antigen)-
B 1, S, Ia 2,4,5,6) and strain 13 (GPLA-B 1, S, Ia
1,3,5,6,7) guinea pigs have been inbred since 1906.
Reciprocal skin grafts between these two strains are
usually rejected within 17 days.!? Both strains share
the serologically detectable histocompatibility
antigens determined by the GPLA loci (equivalent to
murine H-2K/D gene products) but not several other
antigens (Ia), which are determined by complex
linked genes in three subregions of the I region. We
used adult (three to 12 month old) animals weighing
400 to 800 g and giving negative reactions in the
rapid plasma reagin (RPR) card test (Fisher Diag-
nostics, Orangeburg, New York, United States), the
fluorescent treponemal antibody (FTA) assay, or the
microhaemagglutination treponemal antibody
(MHA-TP) test (Sera-Tek; Ames Division, Miles
Laboratories, Elkhart, Indiana, United States).
Outbred New Zealand white male rabbits giving
negative reactions to the RPR or MHA-TP tests were
supplied by the animal breeding facility of this
institute. All animals were housed in an air filtered
environment maintained at a mean (SD) temperature
of 20(2)°C.

BACTERIA AND INFECTIONS

The virulent Nichols strain of T pallidum was
generously provided by Dr James Folds (University
of North Carolina, Chapel Hill, United States). A
sample of the original inoculum was found to be free
of viruses known to be pathogenic to rodents
according to results of routine serological screening
performed by the animal diagnosic testing service of
Microbiological Associates, Walkersville, Maryland.
Before infecting guinea pigs, hair was removed from
the areas chosen for the injection sites with electric
clippers and close shaving with a razor and soap
solution. Guinea pigs were inoculated intradermally
with various numbers of treponemes (see Results) at
multiple sites on the hind legs. Pathogenic organisms
for these injections had been obtained by extraction
of infected rabbit testicular tissue as described
previously,'? except that treponemes were harvested
in basal reduced medium!4!* that contained RPMI
1640 instead of minimal essential medium. The
extraction procedure was carried out at room
temperature in an atmosphere of 1-5% oxygen, 5%
carbon dioxide, and 93-5% nitrogen. Motile
organisms were counted by the method of Fieldsteel
et al,'* after being stained with acridine orange and
viewed under ultraviolet illumination.!® The size of
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developing lesions was monitored against time by
measuring changes in the diameter of the infected
skin sites with dial calipers. In seme experiments
control animals received an intradermal injection of
heat killed (at 56°C for one hour) T pallidum or an
inoculum of testicular extract obtained after sub-
jecting a suspension of freshly harvested treponemes
to high speed centrifugation (at 12 800 x g for 15
minutes). This supernatant was frozen and thawed
several times and, on microscopical examination,
contained no visible treponemes or only small
numbers (less than 10%/ml) of non-motile organisms.

DETECTING ANTIBODIES
Whole blood was collected from guinea pigs before
infection, at weekly or biweekly intervals up to three
months after inoculation, and at monthly intervals
thereafter. The ear veins of guinea pigs were
punctured with a 23 gauge needle, and the blood was
aspirated into 250 ul heparinised tubes (American
Scientific Products, McGaw Park, Illinois, United
States). Plasma was separated from cells by centri-
fuging (at 12 800 x g for five minutes) and stored
frozen at —20°C until tested. Plasma was assayed
for the presence of antibody to cardiolipin by the
RPR card test'” and for specific antitreponemal
antibodies by the FTA!® and MHA-TP tests. The
MHA-TP test was performed according to the
instructions supplied by the manufacturer. Selected
plasma samples were tested with doubling amounts
of absorbing diluent until an end point was reached.
Commercially prepared slides coated with T palli-
dum (Treposlides, Beckman Instruments, Fullerton,
California, United States) and a fluoresceinated anti-
guinea pig IgG (US Biochemical Corporation,
Cleveland, Ohio, United States) were used in the
FTA test. In preliminary experiments, plasma
samples taken from guinea pigs before infection had
been tested for reactivity in the FTA test by being
mixed with phosphate buffered saline (PBS) pH 7-2
at a final dilution of 1/20. As these initial samples
had given negative reactions, PBS was used instead
of absorbing diluent to test plasma samples taken
after infection for antitreponemal antibody in the
FTA test. For comparison, other experiments were
designed whereby rabbits infected with T pallidum
were also monitored for the formation of specific
antitreponemal antibodies and the non-specific
antibody to cardiolipin. ’

DETECTING T PALLIDUM ORGANISMS IN
INFECTED LESIONS

At selected intervals after intradermal infection of
guinea pigs, 10-20 ul samples of fluid were removed
from scrapings of obvious skin lesions. These were
mixed with an equal amount of acridine orange
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FIG 1 Representative examples of cutaneous lesions in (a) strain 13 guinea pig 11 days after infection with 5 x 106
T pallidum in the left leg; (b) strain 2 guinea pig 18 days after infection with 10 x 106 T pallidum in the right leg;

(c) strain 2 guinea pig with secondary lesion (arrow) developing adjacent to healed primary lesion (- p) eight weeks
after a primary infection in the right leg; and (d) cutaneous lesions occurring on the shaven back of a New Zealand
white rabbit two to three weeks after infection with 10 x 105 T pallidum (bar = 10 mm).
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staining solution (50 mg/1 in PBS) and were placed
on a microscope slide under a 22 X 22 mm cover
slip. Slides were examined immediately for
treponemes showing bright green fluorescence after
viewing random fields of samples microscopically
using ultraviolet illumination. In addition, for direct
immunofluorescent identification of T pallidum
organisms, a fluorescein labelled antibody to T
pallidum (BBL Microbiological Systems,
Cockeysville, Maryland, United States) was applied
to acetone fixed dried smears of fluid taken from
these lesions. After treated slides had been rinsed
with PBS, samples were allowed to dry in air and
were then viewed under a fluorescence microscope.

Results

CLINICAL COURSE OF INFECTION WITH

T PALLIDUM

In our initial studies experimentally induced lesions
were observed most readily after intradermal
inoculation of T pallidum into the shaved surfaces of
the hind legs of either strain 2 or strain 13 guinea pigs
(fig 1). The number of symptomatic infections, the
degree of their severity, and the time of their develop-
ment and eventual regression depended on the
number of organisms received by the guinea pigs at
each injection site (table). Of the guinea pigs infected
with § x 106 to 10 x 10® T pallidum organisms,
91-92% developed chancre like lesions. When fewer
T pallidum organisms were used a smaller percentage
of animals developed obvious cutaneous lesions.
Periodical examination by fluorescence microscopy
of serous exudate from selected lesions showed T
pallidum organisms. Guinea pigs given the large
inoculum (5 x 10¢ or more treponemes) exhibited a
fairly uniform pattern of lesion development. After
an incubation period ranging from several days to
two weeks a small papule appeared at the site of
injection as a prominent swelling, which grew rapidly
for another five to 10 days (fig 2). During this early
stage the lesions showed considerable reddening,
contained treponemes, and had a characteristically

TABLE Incidence and course of development of lesions
after injecting strain 2 and strain 13 guinea pigs with
different doses of Treponema pallidum

Mean day

No of No of No (%) of of first
organi: imal: imal: appearance
injected* infected with lesions of lesions
10 x 106 22 20 (91) 9

5 x106 11 11 (92) 9
1-2 x 106 8 8 (80) 12
0-1 x 106 4 4(57) 26

*All animals were injected intradermally in the hind legs.
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firm consistency with smooth surfaces and narrow
sloping bases measuring 4-10 mm in diameter. After
the phase of active progression of infection, at weeks
2 to 4, these typical indurated papules began to
discolour and generally became wider with irregular
surfaces (fig 1b). Ulceration and severe necrosis of
lesions then occurred, and they sometimes became
covered with a crusted erosion. For the next two to
three weeks these haemorrhagic and necrotic lesions
began to recede and underwent a period of gradual
regression and healing. Scars with scaly surfaces
subsequently formed, after which the affected
cutaneous tissue virtually completely healed. The
pattern of development of lesions appeared to be
similar in both strains of guinea pig, although skin
lesions generally persisted longer (up to week 10) in
strain 13 guinea pigs. It should be noted that during a
six month observation period lesions recurred in a
small percentage (10%) of infected animals. These
lesions, which can also possibly be classified as late
developing chancres, usually appeared two to four
weeks ‘after the primary lesions had receded and
healed, and they developed adjacent to the site of the
former primary lesions (fig 1¢). They also contained
motile treponemes. These secondary eruptions
underwent a clinical course similar to that of the
preceding primary lesion and ultimately regressed
four to six weeks later.
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FIG 2 Size and course of lesions occurring in guinea pigs
infected with 1 x 106 (- (O —)or5 x 105 to 10 x 106
(— @ —) T pallidum. Data are mean values using the
same group of infected guinea pigs as described in the
table. Standard deviation for each time point was <15%.

In some experiments guinea pigs used as non-
infectious controls were injected intradermally with
either 5 x 109 heat killed T pallidum or 0-1 ml of an
extract of infected rabbit testes that lacked motile
treponemes. For a transient period lasting three to six
days after inoculation, most animals reacted to these
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injections by exhibiting only slight erythema of the
skin surface, which disappeared shortly thereafter.
Rabbits infected intradermally with virulent T
pallidum under conditions identical to those used for
strain 2 and 13 guinea pigs developed lesions (fig 1d)
that resembled those occurring in guinea pigs with
syphilis but were slightly larger, measuring 7-15 mm
in diameter.

HUMORAL RESPONSES

On the basis of previous results, groups of both
strain 2 and 13 guinea pigs were injected intra-
dermally at multiple (two to four) sites with either
5 x 10% or 10 x 10 T pallidum organisms. The
animals were bled weekly or biweekly, and their
plasma was examined for the presence of specific
antibodies directed against T pallidum and for non-
specific cardiolipin antibodies. The formation of
specific treponemal antibodies was monitored by the
FTA technique and by the MHA-TP procedure. All
plasma samples were initially diluted to 1/20 in the
FTA test and 1/80 in the MHA-TP assay.

As early as three to four weeks after infection,
measurable amounts of specific antitreponemal anti-
bodies were detected in both the FTA and MHA-TP
tests (fig 3) in all plasma samples from infected
guinea pigs. Before then antibodies had been found
in the plasma of only a small percentage (11%) of
guinea pigs with syphilis. This level of antibody
production was followed by a gradual rise in anti-
body titre for the next four weeks until maximum
concentrations were reached, usually six to eight
weeks after infection. These peak levels persisted
over the ensuing months. The MHA-TP procedure
showed that rabbits similarly infected with syphilis
developed antibody more rapidly (fig 3). Ten days
after infection, serum samples from rabbits with
syphilis attained mean titres as high as 1/1280.
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FIG 3 Antitreponemal antibody response of 18 guinea
pigs infected with T pallidum using the FTA (- O - )
and MHA-TP (- @ —) tests and of five rabbits infected
with T pallidum using the MHA-TP test (A). Each point
represents the mmean of the highest dilution showing at
least 1+ reactivity.

In noticeable contrast, antibody to cardiolipin
measured by the RPR card test could not be detected
in the plasma of guinea pigs infected with T pallidum
during an observation period of 15 weeks after
infection (fig 4). In further experiments (data not
shown) plasma samples of animals with syphilis
examined after this period (at 20 and 24 weeks) were
also found to be negative for reagin, and cardiolipin
antibodies did not develop in guinea pigs that had
received a challenge inoculum of T pallidum
organisms. These findings differed sharply from the
response pattern of rabbits undergoing similar
cutaneous infections, in which antibodies to
cardiolipin started to develop two to three weeks
after infection (fig 4), a relatively high titre of reagin
was maintained for the following four to five weeks,
and this declined slightly for the remaining seven
weeks of the experiment.

11100+

Titre of antibody to cardiolipin

T N e e SN
e e e M S e
0 1 2 3 4 5 6 7 15

Weeks after infection with T pallidum

FIG 4 Development of antibody reacting with cardiolipin
in the RPR card test in 18 guinea pigs infected with

T pallidum (— @ —), five rabbits infected with

T pallidum (— - ), and five rabbits injected with heat
killed treponemes (—[]—). Each point represents the
mean of the highest dilution showing reactivity.

Discussion

Infection of the guinea pig with T pallidum has yet to
be well established as an experimental model of
venereal syphilis in man, despite early®® and
recent'?!! reports that attest to the susceptibility of
the cavy to treponemal infection. This appears to be
because guinea pigs are thought to be less susceptible
than rabbits to infection with syphilis' 2 !! or because
the tissue lesions are atypical compared with those of
syphilis in man,? the natural host for T pallidum.
Studies conducted more than three decades ago
reported difficulty in producing clinically apparent
disease in guinea pigs with syphilis,' 1°20 although
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various tissues including draining lymph nodes
contained infectious organisms. In this respect we
have recovered viable treponemes from the draining
inguinal lymph nodes of strain 2 guinea pigs during
the early stages of infection with syphilis (Pavia,
unpublished observation). In some experiments only
a relatively small proportion of infected guinea pigs
developed dark field positive lesions.! In many of
these reports, however, it was difficult to assess the
infective dose of treponemes that was critical in the
induction and pathogenesis of symptomatic
infection.! 20

A recent report showed that nearly 80% of
outbred Hartley guinea pigs developed lesions when
injected in the pubic region with 05 x 10% or more
treponemes.'! This confirmed reports by Wicher et al
that 77% of their guinea pigs became infected after
inoculation with 20 x 109 treponemes.!® We are not
aware of any previous investigations describing T
pallidum infection in inbred or genetically defined
strains of guinea pigs. Our findings with strain 2 and
13 guinea pigs agreed with the results obtained in
more recent reports'® ! rather than with some of the
earlier, frequently unsuccessful, attempts to infect
guinea pigs with T pallidum.'® ?° We found that after
being injected with 5 x 106 to 10 x 10° T pallidum
organisms, more than 90% of inbred guinea pigs
developed skin lesions whose pattern in some
instances exhibited considerable chronicity. The
reasons for discrepancies among these various studies
are not entirely clear. Continued refinement of the
extraction and harvesting of treponemes from
infected rabbit testes in solutions or media and under
atmospheric conditions that promote survival of
virulent organisms'4 'S undoubtedly influences the
overall quality of treponemal preparations. Current
studies are likely to have a distinct advantage over
earlier ones because our increased knowledge about
the biological properties and requirements for
growth of T pallidum may have resulted in improve-
ments over past preparative procedures and better
preservation of the overall integrity of treponemal
organisms. The variations in development of lesions
in guinea pigs that occurred in these several studies
may therefore reflect differences in numbers or
virulence of viable spirochaetes recovered during the
process of harvesting from orchitic rabbit tissue.

We have observed that skin lesions containing
treponemes in guinea pigs with syphilis resembled
those occurring in similarly infected rabbits (fig 1),
although the severity, duration, and overall size of
individual lesions sometimes varied. Such chancre
like lesions have previously been shown to cause
considerable histopathological changes within the
various layers of guinea pig skin.!! Interestingly, in
some of our animals infection with syphilis took a
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more chronic course, with lesions persisting for
several weeks after the initial appearance of the
primary lesion. Nevertheless, there were some
notable differences in the pattern of expression of
humoral immunity between guinea pigs and rabbits
during their response to infection with syphilis.
Unlike experimentally infected rabbits or patients
with syphilis, guinea pigs infected with T pallidum
did not seem to produce antibody against cardiolipin
(fig 4).1° ! This finding was similar to that in other
rodents, which failed to generate an anticardiolipin
humoral response during treponemal infection.?!

There is still no satisfactory explanation for this
different pattern, although it suggests that the guinea
pig is a poor responder to lipid components present
either on treponemes or components derived from
the host that may become altered during syphilitic
infection. In addition, guinea pigs with syphilis
appear to mount a less vigorous antibody response
against specific treponemal antigens. Usually at least
three to four weeks elapse before guinea pigs infected
with T pallidum begin to synthesise concentrations of
antibodies detectable by both the FTA and MHA-TP
tests (fig 3),!' whereas rabbits begin to produce
comparatively high concentrations of antitreponemal
antibodies within 10 days after infection (fig 3).22
Nevertheless, guinea pigs with syphilis do retain
substantial antibody reactivity against treponemal
antigens for at least five months after infection, and
the kinetics of this humoral immune response are
similar to those previously reported for the outbred
Hartley strain of guinea pigs infected with compar-
able numbers of T pallidum organisms.! !!

The adaptation of inbred guinea pigs for studying
the mechanisms of immunity to infection with T
pallidum has several possible advantages over other
experimental systems. Firstly, the elucidation of
protective mechanisms that operate during syphilis
has been hampered by lack of suitable animal
models. As in studies in man, most current inform-
ation is based primarily on experimental infection of
the rabbit. Yet there are certain inconsistencies in data
related mostly to cellular immune aspects,? which can
be partly attributed to using mixed patient popula-
tions and outbred animals. Although the rabbit has
long been considered to be and used as the animal
model of choice, there still remain several important
shortcomings with this experimental system.
Compared with most readily available rodents,
rabbits are very expensive to obtain and house, and
their immune system is not as well defined. Strain 2
and strain 13 guinea pigs can be obtained easily, are
not as expensive as rabbits to purchase and maintain,
and their immunogenetics are fairly well defined.
Furthermore, among small laboratory animals the
guinea pig most closely resembles man in terms of
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hormonal balance, reproductive and skin physiology,
immune responses, and certain nutritional require-
ments.'? The major advantage of using inbred guinea
pigs is the possibility of performing cellular adoptive
transfer experiments (which cannot be done effec-
tively with outbred rabbits) to assess the relative
importance of humoral and cellular expressions of
immunity to syphilis. Secondly, only limited success
has been achieved when other inbred rodents have
been evaluated for their usefulness in syphilis
research. Klein et al showed that some strains of mice
were more susceptible than others to symptomatic
infection with T pallidum,’ which led to optimistic
forecasts of rapid development of the mouse for
studying immune phenomena associated with
syphilis. The future outlook for a workable murine
model, however, has been seriously questioned by a
more recent and extensive investigation that was
unable to detect lesions in over 400 mice infected with
T pallidum, including mice with known immune
defects.” Apart from that series of experiments in
mice, the only set of extensive investigations using
inbred animals to study host defence mechanisms
against syphilis was that of Schell et al/ using
hamsters.>*? Their findings clearly showed the
contribution that both humoral and cell mediated
immunity make in protecting the host against
syphilitic infection.

Those experiments, however, were restricted
primarily to the use of the Bosnia A strain of T
pallidum (agent of endemic syphilis), whereas most
of the current body of information has been derived
from studies of immunity after infection with the
Nichols strain of T pallidum (agent of venereal
syphilis) adapted in the rabbit. In fact, this organism
rarely causes clinical disease in experimentally
infected hamsters,?® which poses some limitations in
relating the interesting findings of Schell e al to the
preceding results other workers obtained with T
pallidum Nichols strain or other venereal strains of
this organism. In view of these facts and the ease with
which symptomatic treponemal infection can be
induced in guinea pigs, we think that this experi-
mental animal model has great potential for further
research into syphilis. In this regard it should provide
a better understanding of some of the basic under-
lying immune mechanisms responsible for acquired
protection against syphilitic infection, which
contribute to the destruction of the pathogenic
spirochete or help explain the delay in effective
antitreponemal immune responses occurring in the
diseased host.

This work was supported by Public Health Service grant
Al-19824 to CSP from the National Institute of Allergy and
Infectious Diseases.
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